Abstract. Conditionally replicating adenoviral vectors constr ucted with tumor-specific promoters (TSPs) offers a viable tool for the treatment of cholangiocarcinoma. The aim of the present study was to investigate cholangiocarcinoma-specific TSPs that remain active in adenoviral constructs in gene therapy. The mRNA expressions of cyclooxygenase-2, cytokeratin-19 (CK19), mucin-1, midkine and telomerase reverse transcriptase were determined in human cholangiocarcinoma cell lines, primary human hepatocytes and cholangiocytes using reverse transcription-quantitative polymerase chain reaction. The candidate promoters constructed in adenoviral vectors were analyzed for their activities in cholangiocarcinoma cell lines, primary human hepatocytes and cholangiocytes using dual-luciferase reporter assays. The mRNA expression of CK19 was markedly higher in the QBC939 cell line, indicating specificity to cholangiocarcinoma. Moreover, the promoter activity of CK19 in the adenoviral vector in infected cholangiocarcinoma cells was found to be significantly stronger compared with that in infected primary human hepatocytes and cholangiocytes. CK19 may be implicated in the pathogenesis of cholangiocarcinoma, as demonstrated by the stronger activity of its promoter, as well as the higher expression of mRNA in tumor cells. Therefore, the use of the promoter sequence of the CK19 gene may represent a potential tool in cholangiocarcinoma-specific adenoviral gene therapy.
Introduction
Cholangiocarcinoma is a malignant tumor originating in the biliary tract, with an extremely poor prognosis at the advanced stages. An estimated 40-70% of cholangiocarcinomas arise near the bifurcation of the right and left hepatic ducts at the liver hilum, whereas ~5-20% of the cases develop within the liver (1). The incidence of cholangiocarcinoma increases in association with the higher incidence of chronic inflammatory liver diseases (2, 3) . Cholangiocarcinoma comprises ~15% of all primary liver tumors; however, only a small proportion of patients with early-stage cholangiocarcinoma are considered suitable for curative surgical treatment (4) . Thus, prolonging the survival of patients with cholangiocarcinoma remains challenging and new treatment approaches are urgently required.
Gene therapy is partially effective in the treatment of certain types of diseases, including cancer (5, 6) . The application of gene therapy has been somewhat limited; however, with the advances in molecular biology, the clinical application of gene therapy may move forward. The advent of adenoviral vectors provided a potential tool for the application of gene-based therapy for treating solid tumors. A major disadvantage was that the adenoviral vector also infects other replicating cells besides tumor cells. To minimize the side effects in tumor gene therapy, a selective adenoviral vector that only infects tumor cells is the research focus of interest in this field. Tumor-specific promoters (TSPs) play important roles in viral replication in tumors and they may be used to restrict gene expression in tumorous lesions. Attempts to use TSPs of known hepatobiliary biomarker genes, such as cyclooxygenase-2 (COX-2), midkine (MK), mucin-1 (MUC1), human telomerase reverse transcriptase (hTERT) and the bile duct marker cytokeratin-19 (CK19), offer a novel approach to restricting gene expression only in cholangiocarcinoma cells (7) (8) (9) (10) (11) . In addition, the expression of transduced genes does not occur in non-proliferating primary liver cells when adenoviral vector is implicated in gene therapy (12) . Other studies have demonstrated the effectiveness of potential TSPs constructed in adenoviral vectors used in gene therapy in cholangiocarcinoma; however, the selection of different TSPs may yield inconsistent results (13, 14) . The aim of the present study was to investigate cholangiocarcinoma-specific biomarker genes and their promoters, which are functional in cholangiocarcinoma cells but remain silent in non-tumorous primary human liver cells, in order to determine the value of the potential application of cholangiocarcinoma-specific TSP in gene therapy. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Carlsbad, CA, USA) and first-strand cDNA was synthesized using the Omniscript RT kit (Qiagen, Inc., Valencia, CA, USA). RT-qPCR was performed with SYBR dye on LightCycler 480 (Roche, Ltd., Basel, Switzerland) in triplicate, using the following cycling conditions: Denaturation at 95˚C for 5 min, followed by 50 cycles of amplification at 95˚C for 10 sec and extension at 60˚C for 20 sec, melting at 95˚C for 10 sec, followed by 10 sec at 60˚C, and cooling at 40˚C for 30 sec. The sequences of the primers of the genes of interest are listed in Table I . The ΔΔCq method was used for data analysis and the results were expressed in arbitrary units and normalized with GAPDH.
Recombinant adenoviral vectors.
Wild-type adenoviral vector pAdeno and shuttle plasmid pShuttle2-Basic were provided by Hanbio Biotechnology Co., Ltd. (Shanghai, China). Plasmid pLuc-MCS containing firefly luciferase was purchased from Agilent Technologies (Santa Clara, CA, USA). The human CK19 promoter (-740-1-bp; GenBank accession no. AB045973) was amplified from human genomic DNA using the following primers: Forward: 5'-AAA CCG CTC GAG CCT GTA ATC CCA GCA CTT TG-3'; reverse: 5'-CGG GGT ACC GGC GAG GCG GAG CAC GGA C-3'. Ad-CK19-Luc, a recombinant adenoviral vector containing a luciferase gene driven by the CK19 promoter, was constructed as follows: The 2,700-bp BamHI fragment from pLuc-MCS, which contains cDNA for Luc, was ligated to the BamHI site of pShuttle2-Basic to yield pShuttle2-MCS-Luc; the 740-bp XhoI/KpnI fragment from the CK19 promoter was ligated to the XhoI/KpnI site of pShuttle2-MCS-Luc to yield pShuttle-CK19-Luc; the I-CeuI/I-SceI fragment from the CK19 promoter and Luc from pShuttle-CK19-Luc were inserted at the I-CeuI/I-SceI site of pAdeno to yield the Ad-CK19-Luc. Adenoviruses were propagated in HEK293 cells and the viral titer (PFU/ml) was determined. The propagated viruses were purified using CsCl gradient centrifugation, dialyzed against 10% glycerol PBS and stored at -80˚C.
Promoter activity assay. Cells (2x10 5 ) were cultured in 6-well plates. After 12 h, the cells were infected with Ad-cytomegalovirus (CMV)-Luc and Ad-CK19-Luc at a multiplicity of infection rate of 1 and 10, respectively. The medium was replaced with fresh medium 2 h after infection.
Luciferase activity was determined with the Dual-Luciferase Reporter Assay system (Promega, Madison, WI, USA) 48 h after transduction, according to the manufacturer's protocol. The efficiency of transduction was evaluated in all cell types with Ad-CMV-Luc to ensure non-saturating multiplicity of infection. The data were presented as value relative to that of the constitutively active CMV promoter.
Statistical analysis. The statistical analysis was performed using the SPSS v14.0 statistical software package (SPSS, Inc., Chicago, IL, USA). Statistical differences were analyzed with the Student's t-test (unpaired, two-tailed). A P-value of <0.05 was considered to indicate statistically significant differences between groups for all experiments.
Results

Analysis of mRNA levels of biomarkers for high expression in cholangiocarcinoma.
To assist with the selection of cholangiocarcinoma-specific promoters, the best specific biomarker for cholangiocarcinoma were first screened out. The mRNA expression of the COX-2, CK19, MK, MUC1 and hTERT genes in human cholangiocarcinoma cell lines, primary human hepatocytes and cholangiocytes were measured. The results demonstrated that CK19 exhibited the best tumor specificity, with median mRNA expression ratios of 128.9100±27.18, 0.0052±0.0013 and 1.0020±0.073 in cholangiocarcinoma cell lines, normal primary human hepatocytes and cholangiocytes, respectively (P<0.001; Fig. 1 ). The median expression in cholangiocarcinoma cell lines was 24,600-fold higher compared with that in normal primary human hepatocytes, and 130-fold higher compared with that in normal primary human cholangiocytes. However, the mRNA expression of COX-2, MK, MUC1 and hTERT did not show a relevance to cholangiocarcinoma. The mRNA expression levels of MUC1, hTERT and COX-2 were significantly higher in primary human hepatocytes compared with those in the cholangiocarcinoma cell line (P<0.01). The mRNA expression of MK was high in primary human cholangiocytes and cholangiocarcinoma cell lines, but without significant differences between the two types of cells (P>0.05). Since the mRNA expression of CK19 was cholangiocarcinoma-specific, the CK19 promoter was selected for further analyses.
TSP activity assays.
To implement tumor promoters in gene therapy, we investigated whether the CK19 promoter retained tumor specificity when constructed in an adenovirus vector. Therefore, the adenoviral reporter vector driving luciferase from the CK19 promoter fragment (-740-1-bp) was constructed. The activities of the adenoviral promoter constructs were determined in the infected cholangiocarcinoma cells, primary human hepatocytes and cholangiocytes. The data were presented as the value relative to that of the constitutively active CMV promoter. As shown in Fig. 2 , transduction with Ad-CK19-Luc resulted in the highest luciferase activity in cholangiocarcinoma cells as compared with that in primary human hepatocytes and cholangiocytes. The median activity in QBC939 cells was 0.473±0.017, which was significantly higher compared with that in primary human hepatocytes (0.123±0.007) and cholangiocytes (0.006±0.001) (P<0.001).
Unexpectedly, the Ad-CK19-Luc activity in primary human hepatocytes was higher compared with that in primary human cholangiocytes, and did not correlate with its lowest mRNA expression. The results indicated that the CK19 promoter fragment was highly active in human cholangiocarcinoma cells and remained inactive in primary human hepatocytes and cholangiocytes; therefore, it may be a candidate TSP of choice in gene therapy for cholangiocarcinoma.
Discussion
Cholangiocarcinoma is associated with high mortality, rapidly increasing incidence and limited effectiveness of surgical therapy (15) . Gene-based therapy appears to be a viable option for the treatment of certain highly malignant tumors, such as cholangiocarcinoma (5). However, a major disadvantage lies in the hepatotropism of the delivered vector, which is associated with side effects and limits its potential clinical application. The adenoviral vectors constructed with TSPs can effectively restrict gene expression in tumor cells, as they conditionally replicate in these cells, and this may shed light to cancer gene therapy (16) . It was reported that the use of survivin promoter in adenovector-mediated gene delivery restricted gene expression of the delivered gene only in melanoma cells (17) . The results from another study demonstrated that prostate-specific antigen promoter-driven gene delivery Table I . Primer sequences used in reverse transcription-quantitative polymerase chain reaction.
Genes
Forward primers (5' to 3') Reverse primers (5' to 3') COX -2  CCAGTATAAGTGCGATTGTACCC  TCAAAAATTCCGGTGTTGAGCA  MK  CGCGGTCGCCAAAAAGAAAG  TACTTGCAGTCGGCTCCAAAC  MUC1  TCAGTGCCGCCGAAAGAAC  GCTCATAGGATGGTAGGTATCCC  hTERT  ATTGGAATCAGACAGCACTTGAA  TCCCACGACGTAGTCCATGTT  CK19  ACCAAGTTTGAGACGGAACAG  CCCTCAGCGTACTGATTTCCT COX-2, cyclooxygenase-2; MK, midkine; MUC1, mucin-1; hTERT, human telomerase reverse transcriptase; CK19, cytokeratin-19. demonstrated selective expression of the delivered genes only in prostate cancer cells (18) . However, transcriptional targeting is only one of the approaches that specifically deliver genes in tumor cells. Other targeting approaches, such as cell cycle-specific promoters, treatment-responsive promoters, or dual-specificity promoters selective to both tumor and tissue, were also tested in gene therapy (19) . In this case, the promoters of the genes of cholangiocarcinoma-specific biomarkers serve as potential TSPs to be used for cholangiocarcinoma gene therapy. In this regard, certain established biomarkers, such as COX-2, MK, MUC1, hTERT and the bile duct marker CK19 appear to be promising candidates, as there were tumor-specifically upregulated (13) . However, the results on cholangiocarcinoma-specific promoters have been inconsistent. Therefore, the aim of the present study was to identify TSPs which may be used for the development of adenoviral gene therapy for cholangiocarcinoma.
Our results demonstrated that CK19 gene expression displayed the best specificity to cholangiocarcinoma, as indicated by the significant difference in the mRNA expression of CK19 in cholangiocarcinoma cells, primary human hepatocytes and cholangiocytes. Although the mRNA expression of COX-2, hTERT and MUC1 was pronounced in cholangiocarcinoma cells, it was markedly lower compared with that in primary human hepatocytes, excluding the use of these genes for the selection of cholangiocarcinoma-specific promoters. The mRNA expression of MK was high in both cholangiocarcinoma cells and cholangiocytes; therefore, it was not suitable as a candidate TSP for cholangiocarcinoma. It should be noted that our results are partially inconsistent with those from a previous study, which reported that the mRNA expression of both hTERT and CK19 genes in cholangiocarcinoma cells was significantly higher compared with that in normal primary human hepatocytes (13) . This inconsistency may be explained by the fact that the previous study used a different cholangiocarcinoma cell line, CC-LP-1.
As the vector components of the adenovirus may affect promoter activity, it is necessary to evaluate the promoter activity of the CK19 fragment constructed in the Ad5 vector. The results revealed that, not only did the vector retain the substantial promoter activity of CK19, but it also displayed excellent tumor specificity compared with the corresponding luciferase activity in hepatocytes and cholangiocytes. The results from mRNA expression and promoter activity measurements suggested that the promoter of the CK19 gene can be used for adenovirus-based gene delivery in cholangiocarcinoma cells to effectively minimize adenoviral replication in normal liver and bile duct cells. It may be inferred that the low expression of Ad-CK19-Luc activity in primary hepatocytes and cholangiocytes is most likely due to a lack of specific promoters. By contrast, CK19 is a known bile duct marker. However, in certain cholestatic liver diseases, such as primary biliary cirrhosis or primary sclerosing cholangitis, cholangiocytes may have an activated (pro-proliferative) phenotype, which displays a higher than normal CK19 activity. Under these conditions, when the patients receive TSP-directed gene therapy, whether the activity of CK19 is sufficiently high to interfere with the physiology of normal cholangiocytes requires further investigation. It should be emphasized that there were distinct differences in CK19 promoter activity among different cells, so that it was considered adequate for the development of adenoviral gene therapy for cholangiocarcinoma, as suggested by similar previously reported findings (20, 21) . The data presented herein suggest that the promoter of the CK19 gene is a promising tumor-specific regulatory element and may be used to restrict the transcription of delivered genes in the treatment of cholangiocarcinoma.
